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POWER FACTOR INDICATORS. 



THE THEORY OP PO^-VER FACTOR. 



The question of the phase relation of current and pres- 
sure in alternating current circuits has been a source of 
great perplexity to the student of alternating current phe- 
nciflena and to the designer of alternating current apparatus. 
Until qviite recently, little was lmo\m of these relations as 
is shown by the fact that almost all of the literature on 
the subject has appeared within the last ten or fifteen 
years. As further evidence it might be stated that in 1887 
^"filliain Stanley, Jr., read a paper before the American In- 
stitute of Electrical Engineers on "The Phencinena of Retar- 
dation in the Induction coil," which clearly brought out the 
fact that men, who to-day are foremost among the electrical 
engineers of the country, did not then know why the product 
of current times pressure did not give the energy used in an 
alternating current circuit containing self-induction, the 
same as in a direct current circuit. 

Almost all that has been written on the subject has 
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been upon the assumption of sine waves of current and pres- 
sure. The application of Fourier's Theoremi to variable 
electric current curves has thrown much light on the condi- 
tions vThich exist in case of ncm-sine waves, still, when 
non-sine waves are considered, the calculations beccme so 
involved and difficult that it has been customary to assume 
sine waves in most ordinary cases, \7henever power is meas- 
iired in an alternating current circuit containing self-in- 
duction or capacity, its value is taKen to be:- 

I E cos e 

where I and E are the effective values of amperes and 
volts and e is the angle of lead or lag between the current 
and pressure. That is, cos $ is assumed to be the factor 
by which the product of the value of amperes and volts, or 
"apparent watts," must be multiplied to give the power or 
"true watts." In other words, cos e is assumed to be the 
ratio of triie watts to apparent watts. In 1893, Professor 
J. A. Fleming, 2 gave to this teim the name "Power Factor." 
The assumption that cos Q is equal to the power factor is 
only true when the curves of current and pressure are sinus- 



iMascarte and Joubert,- Treatise on Electricity and Mag- 
netism. Volume II. 

apieming. Professor J. A.,- Experimental Researolies on 
Alternating Current Transf oimers . Journal of the Institute 



of Electrical Engineers, 1892. 
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oidal. True power factor may be given by the equation: 



where e, 1 and t are Instantaneous values of pressure, 
current and time. The time lag of two periodic functions 
of the same frequency is the Interval that elapses between 
the Instants when each passes through its zero value in the 
positive direction. Now unless the tv;o curves are sinusoid- 
al or, at least, exactly similar, the equation for power fac- 
tor or cos e will not be equal to \mity even if the angle 
if time lag or lead be zero. If we may use the tenn "phase 
difference," as the angle whose cosine is the power factor, 
then cos e will equal the above equation. The angle of 
phase difference, then, and the angle of time lag or lead 
are not the same tiling. If be the angle of phase dif- 
ference due to dissimilar curves when the angle of lag is 
zero, then, when the angle of lag is a:- 



Even this is only true when both curves are symmetrical and 



iRussel, Alexander,- The Theory of Power Factor. Lon- 
don Electrician, November srd, 1899. 




P. P. = 



cos cos cos a. ^ 
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one is a sine curve. Thus we see the difficulty in tiying 
to define power factor in terms of the angle of lead or lag^ 
especially when both are unsyimnetrical and non-sinusoidal* 

If we measure power factor by means of a wattmeter, 
voltmeter and ammeter, giving 

true watts 

cos e = 

apparent watts 

is generally accepted as the angle of lead or lag of the 
equivalent sine waves This does not necessarily mean 
tliat there is a "wattless'* component of power, for a little 
consideration of the relations of the current and pressure 
ciirves to the curves of power will show that there can only 
be a wattless component of power when the original ciarrent 
and pressure waves are out of phase. That is, as long as 
the current and pressure curves, no matter how distorted 
from the sine form, are in phase, the entire pov;er loop 
will be positive so that there can be no negative or watt- 
less power. At the same time, with non-sine waves, I E is 
not equal to the true power as cos e or power factor is 
not unity even though there be no angle of lead or lag. 
What, then, is the meaning of power factor imder such condi- 
tions? It may still be considered as the cosine of the 

ijackson, Ti. c.,- Alteraating currents and Alternating 

^^^^^T^riexy. Digitized by GoOglc 
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phase angle between equivalent sine waves "but perhaps a bet- 
ter way to loolc at it is to consider the power factor, when 
there is no phase rmgle, as the per cent* of the power of a 
circuit with sine waves, which would be developed by anoth- 
er circuit having non-sine waves but having the same effect- 
ive values of current and pressure and the same frequency as 
the former* When there is any angle of lead or lag the 
power factor becomes a cctnposite quantity whose value de- 
pends upon the shape of the curves and the angle of lead or 
lag, as has already been explained. At present there seems 
to be little literature on this very inrportant point. If 
some one would come forward with a mathematical explanation 
and proof of this, it would be a valuable contribution to 
the science. 

From what has gone before, it is readily seen that the 
assumption, that the cosine of the angle of lead or lag is 
the power factor, muBt be received \7ith considerable cau- 
tion. All power factor indicators, so called, which have 
been devised up to the present time, depend for their tric- 
ing upon some function of the angle of lead or lag and do 
not, therefore, always give true power factors. Then the 
only v/ay which is left for determining true povmr factor is 
the old method of the ratio of wattmeter reading to the prod- 
uct of the voltmeter and ameter readings. 
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Of late years the demand for power factor indicators 
has arisen out of a desire for seme means of readily deter- 
mining the relative anoimt of wattless current on power 
lines, operating alternating current motors, vvith a view of 
reducing the same. The operator of a power plant cares lit- 
tle for the true pov/er factor of his lines as affected by 
wave form. V'hat he desires to imow is the relation of cur- 
rent and pressure as affecting the regulation and operation 
of Ms machines. 

For this puirpose a number of coraraercial power factor in- 
dicators have been designed. There are, however, a large 
number of different schemes for deteiminlng so-called power 
factors and some attempt vd.ll be made to describe these va- 
rious methods. They may be classified in general \mder two 
heads 

1. Determination by calculation from readings of 

different instruments* 

2. Determination, directly or indirectly, from 

the reading of one instrument* 
Of the former there are principally 

(a) The ratio of wattmeter reading to product of 

voltmeter and ammeter reading, giving true 
power factor. 

(b) The application of the three voltmeter method. 
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( c ) The application of the three annaeter method. 

(d) The split dynamometer method, 

(e) The two wattneter method. 

These methods are all too well Knowi to need descrip- 
tion here. The last method v/ill be discussed under power 
factor indicators using this principle. 

Of the power factor indicators used in the second gen- 
eral class there are quite a variety. Thoy may "be classi- 
fied in the following manner :- 



(a) Electrolytic, depending upon electrolysis for 

a record, 

(b) Electrcmagnetlc, using the force of attraction 

of electrcanagnets. 

(c) Induction, using the effect of a rotating mag- 

netic field upon a disk. 

(d) Electrodjmamic, utilizing the reaction between 

coils carrying currents. 



Besides these there are a number of oscillographs and 
curve tracers by means of which the phase relations of cur- 
rent and pressure can be found. 

• PHASS:.I2TER CP JAHST:- The apparatus consists of two 
styli of iron, s and s', (Fig. 1) which rest upon the ex- 
terior surface of a drum covered with a sheet of paper soaked 
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with a solution of potassium ferro-cyanide £ind ammonium ace- 
tate, i The whole cylinder or drum turns in displacing it- 
self laterally* one stylus is connected so as tc have a 
difference of potential tetv/een it and the drum, v;hich is 
in phase v/ith the current, and the other stylus so as to 
have a potential difference "between it and the drum, which 
is in phase with the E.M.P. 



l.l.l«HtMil.iK 



Pig. !• 



When the difference of potential between the styli and 
the cylinder exceeds a certain positive value, It produces 
a blue trace upon the paper due to electrolysis of the fer- 
ro-cyanide* ABODE and LMITR (Fig* 2) are the sinusoids 

drawn as the functions of the values £l[ t and the dlffei^ 

T 

ences of potential betv/een the styll and cylinder. 

AA* is the value of the difference of potential neces- 
sary for electrolysis. During the Interval BCD and MNP 



iFontalne, F.,- Kesiire des Differences de Phase. In 
Bulletlne de 1' Association des Ingenleurs Electrlciens, No- 
vember, 1899 • 
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electrolysis takes place and two blue traces are drawn upon 
the sheet of paper. The distance between the centers of the 
exudes (Fig# 2) represents the phase angle + 180 



PULUY'S PHASEMETER:-! Two sinusoidal currents of the 
same frequency are used to excite t\YO electromagnets, one of 
which is shown in figure Z. Opposite one end of the cores 
of each of the electro-magnets oji iron armature, A, is 
placed. Upon the face of the armature, farthest from the 
core of the magnet is fixed a small mirror M. If we assume 
that the magnetization reached by the cores is small, that 
the hysteresis is negligible and that the vibrations of the 
aimature ore of small amplitude v;o may then also assiane that 
the flux in the core follows the sine law of the current. 
If, however, the inertia of the ainature is also small, the 
displacements of the latter from its position of equilibri- 
um are at every Instant proportional to the flux, that is 
to say, the cinrrent. 





rig. 2. 



Pig. 3. 



iFontalne, P.,- Mesure des Differences de Phase. 
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The two aimatures (Fig. 4) vibrate in planes nomal to 
each other. A pencil of light concentrated 'oy the aid of a 
lens, L, is reflected successively upon the mirrors M and 
M' and upon a screen at E. If the mirror M vibrates 
alone the point of light reflected upon the screen describes 
a vertical line, and if M' vibrates alone the ray of light 
describes a horizontal line. Now, if both vibrate together, 
the ray of light is at every instant changing direction 
with a velocity which is the resultant of two others at 
right angles to each other. Two haMawiic motions acting at 
right angles and having the same frequency and amplitude, 
but a difference of phase of 90®, will produce, if acting 
at the same time, a uniform circular motion. If the ampli- 
tudes are not the same the result is an ellipse, the ma;jor 
and minor axes of which are the respective paths of the two 

harmonic motions acting alone. 
Y 




Fig. 5. Fig. 4. 
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The currents in the two electro magnets are represented 
by the equations:- 

1^ = 1^ sin cot 

la = la sin (cot - 0). 
The coordinates of the point of light at any instant, k be- 
ing a constant, are:- 

X = k ix sin cut = A sin cot (1) 

y = ic igSin (cut - 0) = B sin (cut - e) (2) 

Eliminating t from the two equations:- 

Y = B sin cut cos e - B cos cut sin 6 

Prom (1):- X 

sin t = 

A 

and by continuation:- 



cos cut = / 1 , 

AS 



Then :- 



Y = B 1 COS - B /I - 1* sin 

A y 

The equation finally reduces to:- 

aa aaa aa a^.a 

A Y- 2 B X Y cos + B X = A B sin 

This is the equation of an ellipse displaced as shown 

in Figure (5). 

This ellipse is inscribed in a rectangle, which has a 
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length 2A for a base and SB for an altitude. 

The ang^ilar coefficient of the tangent at any point 
v/hatever is:- 

dY _ AB cos e Y - B»X 
dX ~ A*Y - A B cos e X 

The tangent to the highest point is detenalned by the con- 
dition:- 

^ = 
dX 

or, 

A B cos 9 Y - B«X = (4). 

substituting for X its value taken frcm (4) in equation 
(s), we have 

Y = 2; B. 

It can be proven in the same manner that the tangents 
to the ellipse parallel to the Y axis are distant 2A froa 
each other. 

Rewriting equations (1) and (2):- 

X = A sin wt (1) 

Y = B sin (wt - e) (2) 

we have when X = 0, tot = Nir where N is any whole nwber. 

Y = B sin (Ntt - 0) = 1b sin e = lo c, 
v/hen Y = o:- 

cot - = Nir, 
Hence:- q g p p 
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Mr# Puluy places upon the screen two scales at right 
angles to each other and graduated to read from their inter- 
section* He places the screen so that the ellipse cuts the 
two scales at equal distances frcan the center* The phase 
angle is then deduced directly by means of equation (5)# 

MOKELAND'S PHASEMETER:-^ The scheme devised by T# 
Moreland consists of a divided circuit having in each branch 
a conductor arranged to vibrate freely. These conductors 
are stretched at right angles to each other between the 
poles of strong magnets. The tension of each is adjusted by 
delicate means until its period of vibration is the same as 
that of the alternating currents traversing it. 

Small mirrors are placed at one end of each vibrating 
conductor in such a manner that a beam of light is reflected 
successively upon the two mirrors • If one conductor is 
made to vibrate alone the ray of light appears in the foim 
of a band of light in one plane, and if the other vibrates 
alone another band of light appears at right angles to the 
first • Vhen both conductors vibrate together a band of 
light appears half way between, or diagonal, to the other 



iMoreland, in Electrical Engineer, XXVI : 237, 

September 28, 1893 • 
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two positions, If the currents in each coil are in phase* 
If the currents are out of phase the ray of light describes 
an ellipse* This scheme is very similar to the one credited 
to Puluy. 

CLAUDE'S POWER FACTOR METER Claude has worlced out 
a pov;er factor meter which belongs in the same general class 
^ith the Puluy instrment* However, instead of using two 
armatures, he places the two electro-magnets in direct oppo- 
sition and causes them to actuate the same awnature* 

It has been proven that:- 



where and are the lengths of the paths of light when 
there is a phase displacOTient between the currents in the 
tv/o coils, and v/hen there is no phase displacement* 

Mr* Browne endeavored to show, in the first part of his 
article on power factor indicators, that all deductions of 
power factor, based on cosine and tangent functions of the 
phase angle are not satisfactory when e approaches sero. 
According to this, Claude's method could not be dspended up- 
on to give reliable resiats when the phase angle ap- 
proaches zero* 



iBrovme,- in Report of American Institute of Electrical 



D 

1 



cos _ , 

2 



Engineers, 1901, p* 294* 
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RAYLEIOH PHASE METER:-i Lord Raylelgh devised a phase 
meter which is quite different from any before described* 
It is scmewhat similar to a galvanometer except that it has 
a soft iron needle in place of a magnet* This needle is 
suspended by a fine torsion fiber and carries a mirror in 
the usual manner for galvanometers, the needle being in- 
. clined 45«> to the direction of the magnetic force • This 
force is due to the currents in two coils, the common axis 
of the coils being horizontal and passing through the cen- 
ter of the needle • The coils are placed on opposite sides 
and at a distance from the needle v/hich can be varied at 
will. A plan of the arrangement is shown in Figure 6^ where 
C C and P P are the two coils, the common axis A B passing 
through the needle 





c 


p 

s 




— ^ — 

^ Pig- 6. 


p 



If the currents in the coils are of simple tyre, the 
magnetic force along A B may be represented by:- 

A cos cot and B cos cot - 

iRayleigh, J* S#,- Instrument for Phase /aigle Meas- 
urement. London Electrician, June 4th, 1897. 
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where e is the angle of phase displacements If either 
force act alone, the deflecting couple is represented by 
Aa or B2 but if the two couples cooperate, the corre- 
sponding effect is:- 



reducing to = 1 only when is zero, or 1809. 

The method consists of measuring, by means of a common 
telescope and scale, the deflections which, for small Values, 
are proportional to A, B, and C. 

From these, the angle e can be readily deduced* The 
determination of phase difference betv/een current and pres- 
sure can thus be made independent of any measurements of 
their respective values* 

FERIURIS PHASEMSTER:-! This meter consists of two fixed 
colls A and B (?ig. 7) at right angles to each other and 



ca = 



Aa 1 Ba + 2 AB cos 6, 



r 



a movable coll c. The colls A 




C, Is placed, free to turn about 



and B carry the currents under 



tween the two colls the third coll, 



consideration. In the space be- 



on Its axis at the Intersection of 



Pig. 7. 



ipontalne, P.,- i'esiire des Differences de Phase. 
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the X and Y coordinates* The positions of this coil are 
represented upon a graduated scale • 

A rotating field whose intensity varies as the vectors 
of an ellipse^ is set up in the space which separates the 
tvro coils. The components of the field, 

X = A sin a)t, 

Y = B sin (cot - ) 

are perpendicular • 

v/e then proceed to shov; that the movement of the coil 
gives a deflection in simple relation with the vector 
representing the field in the plane of the coil C* 

The flux in the coil, 0, produced "by the coil A is:- 

N« = A sin cot sin a; 

the P., induced:- 

E' = = A CO cos cot sm a* 

T) t 

In a similar manner, the flux in the coil 0, produced 
by the coil 3, is expressed by:- 

11" = - B sin (cot - ) cos a, 

and the E. induced, is expressed by the equation:- 

Eit - « JO."=: w cos(cot - 9 ) cos a* 
D t 
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The total Induced E. M. F. at any instant t is 
given by the equation :- 

E = - 0) [A COS (at sin a + B cos (wt-e ) cosaD. 

It follows that the maximum induced E. M. p, is the 
resixltant of the E. M, p.'S - coA sin and - ojB cos 
displaced "by the angle e (Pig. 8). 



Representing the resultant by E, from Pig. 8, we have:- 
Ea - a;^(Aa sin^a + sa cosSa - 2 AB sin a cos a cos d). 
The equation of the ellipse is:- 




Pig. 8. 



Asya - 2 ABXY COS 6+ Xa = Aasagina e 



(6). 




Pig, 9. 
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The line P has the equation 

Y = X tga, 

sold the square of the vector of the ellipse in this direc- 
tion is represented hy:- 

xa 

xa+ ya = xa + xatgaa = — . 

cosaa 

Putting Y equal to x tga in equation (G), we have:- 

Aaxatgaa- 2 AB cos e xa tga + saxa = Aasasinae (7). 

Aasasinae Aasasinae „ 
xa = 1 0)2 

A^sinaa - sab cos © sin a cosa + sacosao Ea 

Then the vector is equal to:- 

A 6 sin e 

^ 

E 

Let 6 represent the torsion of the electrodynamometer 
and KA the constant, then:- 

K8 =Ea, (8) 

v/hich gives for the vector 

A B sin K' 

: — - — (9) 

This last equation permits us to trace the ellipse hy 
points. Having dravm the ellipse, the phase angle can he 
determined as previously shomi. 
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ENGELMEYER METER:-i This meter consists of two eleo- 
tro-magnets traversed by the currents considered. One of 
them, B, is movable about the point 0, the intersection of 
their axes. 

The position of B is represented on a graduated dlsK 
S (Pig. 10). The point e is occupied by a vibrating anaar- 
ture furnished \7ith a mirror which reflects a ray of 
light upon the screen E. one can easily show that if the 
fluxes produced at by the two electro-magnets are equal 
the ray of light will trace a circle if the coils are in- 
clined at an angle equal to the supplement of the phase angle. 




Pig. 10. 



Talcing for the axis of Y the axis of the field coil 
A, and an axis perpendicular to it for the X axis, the 
projections of the field components upon these axes are:- 

iportaine, P.,"* Menixre des Differences de Phase. 
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X = A sin cot sin e, and Y = A sin (cut - e)-- A sin cotcos e 

^^JSYS' =s v^A'a" slna cot sina 6 + Aacos* cot sina"0 = A sin 
The angle of phase is shovm directly on the scale. 

KORDA METER :-i If the tv/o coils Of a Ferraris induct- 
or, traversed by currents of the same frequency, are in- 
clined at an angle equal to the supplement of the phase 
angle, the pireoeding relation still exists for the two 
fields are also inclined at 180o - 0, since they are per- 
pendicular to the coils. 

The coil, c, will be the seat of an induced E. M. P., 
due to the variability of the intensity of the rotating 
field and to the variations in the velocity of the flux dmv 
ing turning. The first is easily seen, and as to the second 
part of the preceding statement, we have, referring to the 
conrponents of the field:- 



The tangent of the angle a in the direction of the re- 
siatant flux with the axis of X at any instant, t, is:- 



X = A sin cot. 



Y = B sin (cot - 0). 



^ - tgco = - 



(cos e 



sin e 
tg at 



(10) 



ipontaine, F.,- Mesure des Differences de Phaa 
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Differentiating : - 

l_-f^^B sin e co|a-^ t ^igme. i_ 

cosaa) dt A tga a t A sina at 



or:- 



substituting for « its value, taken from equation (10):- 



^ = i sin e ^ • 3^ 

cCt A sina at r « sin "I a 



[B* « sin 0"! 
1 + ° COS e T r- 



It is thus seen that the angiaar Velocity depends upon 
the time, if A = B. 

Imagine, on the contrary, a rotating field:- 

Y = tgo) = - tg at 
X 

(0 = at + 180O. 
dci) 

— = a = constant . 
at 

r/hen in the case of a rotating field the velocity of 
the coil c relative to the field is zero at each instant, 
the Korda meter is easily used. 

PHASEi.nTER OP HECS:-i TWO currents of the same ampli- 
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tude, whose phase difference is supposed to be Imovm, are 
made to pass tlirough the coils of an instmanent of the Fer- 
raris type. Then, by inclining the coils by an angle eqiial 
to the supplement of the phase angle, \ye obtain a rotating 
field of constant intensity. The conponents of this field 
at any instant t are:- 

X = A sin at sin 0. 
Y = A sin ( at - e ) - A sin at co80 
s5 + A cos at sin 0. 

The tangent of the angle of the resultant field at this in- 
stant with the axis of Y is:- 



tgo = 



— = - tg at 
Y 



a = 180O + at. 





















1 Pig. 


11. 




Fig. \2. 

Suppose that one superimposes upon the first set of 
colls a second similar set, traversed by two currents of 
lilce amplitude as the preceding but displaced from them by 
an angle e. They rdll also produce a rotating field of con- 
Digitized by Google 
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St ant strength. 



Tlie components at any Instant t are:- 



Y 



X 



A sin (at - 6) sin e; 
A cos (at - e ) sin e ; 



Prcm which one has:- 



tg a 



- tg (at - ), 



180O + at - 0. 



The resiiltant of these two equal fields is evidently 
in the same direction as the bisector of the angle e* one 
can always adjvist the c\irrents in the coils in such a manner 
that the rotating fields move in the opposite directions. 
As their velocity is the same their resultant lies in the 
same direction. It is upon this principle that the Hess 
phasemeter is based. The coils belonging to the same set 
have the same impedance (because the derived currents are 
equal) but the inductance is different. It is this condi- 
tion wliich necessitates the angle of inclination 180° - 6. 

The coils of the second set are identical with the 
first set of coils. In the interior of the apparatus is 
suspended a soft iron needle intended to indicate the con- 
stant direction of the resultant field. 
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ARITO'S PHASEM3TER:-i This phaseineter does not depend 
upon the condition of equal ajiQ>lltudes of current which was 
essential In the preceding apparatus. 




Pig. 13. 



It consists of an inductor of the Ferraris type made 
up of two colls intersecting each other along a diameter of 
one, and a third coil, B^, whose axis is a diameter of Bj. 

The coils Ba and B5 can be turned about a horizontal 

axis. Their positions are represented on a graduated scale 

D. B^ can turn about a vertical axis passing through its 

center. The coll, B,,is acted upon by coils B, and B„ 

which are traversed by the currents whose phase difference 

Is desired* One has the following conditions to start 

with* B is placed vertical and B, and B are horlzon- 
a 15 

### 
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tal. The axis of B5 is brought into the plane of and 
the deflection 6 given by the electrodynamcmeter noted, 
B is then turned until it occupies a vertical position and 
the deflection 8' observed. 

If the amplitudes of the two currents are not the same 
we have the condition 5' ^ S» But one can always make 
8'> 8 because it suffices in the contrary case to change 
the currents in the two coils. This having been done, B re- 
mains vertical and the system of coils B, and B_ is made 
to tU3?n until the deviation is equal to 8. a is then the 
angle made by the planes of the colls Bj^ and B^. 

When Bj was in the plane of B^ and B^ was vertical 
this latter was without action vcpon B^. If:- 

Ij^ = sin at, 
is the cxirrent in B and M is the coefficient of mutual 



induction between B^ and B^, B, is the seat of an in- 



1 
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duced e. m. f. as follows; 



di 



U a . I ■ cos at . 



dt 



Its maximum Is: 



= - Mal^ = 



(A). 



In the second case when the colls B and B weire at 
an angle, a, the coefficient of mutuea induction is reduced 
to U cos a and B, is the seat of an induced e. m. f., 
whose maximm is:- 



The two unequal currents acting upon the coil B5 have 
the same effect by this disposition. It now suffices to 
incline the coil B upon the vertical at such an angle 
that for all the positions of Bj the deviation of the eloo- 
trodynamometer remains constant. The ellipse is then trans- 
formed into a circle and the inclination to the vertical is 
represented upon the dislc, D, so graduated as to read the 
phase angle directly. 



Eg = -Mai cos a = 



(B). 



Equations (A) and (b) give:- 



I s I cos a. 
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AngeJUneyer, Korda, Hess, Rossi,! and Arno make use of 
the principle that if two coils carrying equal currents are 
Inclined at an angle equal to the supplement of the angle 
between the currents considered, the resulting rotating 
field will have a constant value. If the inclination of 
the coils be varied until tliis condition is obtained, the 
phase angle is indicated directly* 

HOLDSN PHASOMSTER:- This three-phase instrument is 
based on the fact that the current in one line is in quadra- 
t\xre with the S. M. P. between the other two lines. The 
main current in line A (Fig. 15) is sent through a pair 
of fixed coils F and p. In this field is suspended a 
movable system of two coils whose zero position is perpen- 
diciaar to the series coils. 




Pig. 15, 



iL'Eolairage Electrlque, "Volume XV, pp. isn, 332 to 335. 
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One shimt coll D is connected across the lines B 
and so that with no phase lag there is no couple acting 
upon the movable system. The second shimt coil E is con- 
nected across lines A and through an adjustable re- 
sistance R. When the current lags the deflection of the 
movable system is indicated by the needle N» The couple 
due to the second shimt coil E can be varied by the re- 
sistance R and the needle brought bade to zero* The re- 
sistance needed to accomplish this corresponds to the angle 
of lag in this particular instance • It is thus seen that by 
proper calibration of the resistance R the phase angle can 
be determined directly* 

Tliis scheme can be adapted to single phase work by con- 
necting one shimt coil across the lines through a coil of 
high inductance so as to get a current as near as possible 
in quadrature with the pressure* Any deflection caused by 
a pliase lag is annxilled by shunting the inductance coil by 
an adjustable non-inductive resistance calibrated to give 
the phase angle directly* Any effect due to vibrations in 
frequency may be compensated by connecting a condenser in 
series v;lth the second shunt coil^ 

CARCAlTO POY/ER FACTOR INDICATOR:- This instrument is 
very similar to the one above. The apparatus consists of a 
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disc, D, (Pig. 16) acted upon by a rotating field set up ty 
the currents flowing in the coils A, A, and B. A, A, 
are the series or current coils and B are the shunt coils. 

When the currents in the two sets of coils are out of 
pliase the revolving field produced acts upon the disc, caus- 
ing it to rotate. 

Between the lines 1 and 2, a resistance Is inserted 
of which M is the middle point, and /between the lines 2 
and 5 another equal resistance is divided into two por- 
tions,- a fixed resistance and a variable rheostat,- having 
a number of contact points. The shunt coils are connected 

between the roint M and the 
sliding am of the rheostat. 
By clianging the position of 
the rheostat am the current 
1 in the shunt colls can be 
brought into phase with the 
main current I flowing in 
the series coils. When this 
condition is reached there 
Pig. 16. ^111 no couple acting upon 

the disc, consequently, every point on the rheostat produc- 
ing equilibrium of the disc corresponds to a given value of 
the angle d which represents the angle between the current 
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and pressure. By a proper calibration of the resistance 
the phase angle can be read off directly. 

This is a zero method and as such possesses sane ad- 
vantages. It does not, however, pemit tlie following of 
sJiarp variations in the power factor. By restraining the 
disc in its zero position by a system of springs, which 
cotild be made by the deflection of the disc to close the 
circuit of a relay recording instrument so constructed that 
the motion of the recording pointer would change the posi- 
tion of tl:e rheostat until the disc came bade to zero, we 
should have a recording instrument. 

Of all the methods, v;hich may be classified under this 
head, the Dobrowolski method, on wliich the Conrad meter is 
based, is the only one which is practical. 

DOBROWOLSKI PHASEMSTER:- i In the ordinary induction 
wattmeter, the magnetic flux due to the shunt winding is In 
quadrature with that of the series winding, the result being 
a rotating or shifting field. if the shunt flux be brought 
into phas<3 v;ith the series fltix, an alternating field only 
will be set up as long as the current and pressure are in 
phase. If, hovrever, the current lag, the field will rotate 



^Browne,- Power Factor Indicators. A. I. E. E.-<-i901, 
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In one direction; if it lead, the field will rotate in the 
opposite direction. The torque developed on a disc placed 
in this field is, in either case, proportional to:- 



the wattless volt-amperes. 

In 1894, Dobrowolski described a phasemeter working on 
tMs principle.! It consists of two concentric coils at 
right angles to each other, surrounding a disc which is held 
at the zero point ty a spring when the wattless volt-amperes 
are zero, but v;Mch deflect one way or the other, when the 
current is out of phase, by an amount proportional to:- 



Later, he adapted this meter to three-phase working, by us- 
ing three current coils 120° apart and one pressure coil. 
The meter, therefore, would work upon the assumption that 
the presswe across the three lines are equal and ISO© 
apart. 

CONRAD P0!7SR FACTOR INDICATOR:-* This meter works on 
practically the same principle as the Dobrowolskl. It has 
a suitable number of current coils, correcponding to the 
number of phases, placed apart at siiitable angles % A pres- 



iLondon Electrician, September 21st, 1894. 

^United states Patent, Number G95,913, March 25th, 1902. 
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sure coil wound on a laminated iron ring or spool is placed 
in the current coils with its axis perpendicular to the axis 
of the current coils. In place of a disc, a magnetic vane 
of soft iron is placed with its axis coincident with the ax- 
is of the press\ire coil and with wings of the vane outside 
of the current coils, one above and one below. 

ARNO»S TAHGEKT PHASSM3TER:- i A second phasfljfleter of 
Arno's consists of a Siemens electrodynamcmeter with an ad- 
ditional pair of coils closed upon themselves and fastened 
together at right angles. The pair, as a whole, is sus- 
pended v;lthin the two other coils and may be held in any po- 
sition by a torsion spring. In (Pig. 17) let A and B be 
the two dynamometer, and and D, the pair of short-cir- 
cuited coils. 




*** 



iBrowne,- Power Factor Indicators, A. I. E. E. 1901. 
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Passing the two currents through A and B, respect- 
ively, we shall get a deflection of the movable coll B of 
the dynamometer proper. Let d^^ t>e the torsion angle re- 
quired to Keep B in po<--:itions At the same time, the sys- 
tem D c will be deflected, its angle of torsion being d^ • 
Then it has been proven tliat:- 

ic ^2 = tan fl, 

X 

where Ic is the constant of the Instrument and ; the 
phase angle. 

TlulA^S PIIASSHEITSR:- ^ Tuma devised a very simple In- 
strument for determining the phase angle directly. Between 
the two current coils C C is hung a pair of small colls 
placed at right angles to each other. Through B is passed 
a current which is in phase v/ith the pressure, and tlirough 
A, a current v/lilch is in quadrature with it. Now, C C being 
fixed and A B free to turn, Tuma has proven that the angle 
a which B malces with the axis of the current coils is the 
phase angle which can thus be detemined directly or the 
scale of the Instnment can be so divided as to read co- 
sines. 

### 

iBrowne,- Power Factor Indicators. A.I.L.i]., l?^i.^r^T^ 
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Bowle has applied this scheme to two and three phase 
circiiits by placing the current coils in different phases 
and obtaining the power factor of the system from this#i 
^ For three phase circuits this 

/!\ would give the angle of lag of the 



spending vertex of tlie delta. It is evident, then, that to 
find the power factor of the system by this method, the sys- 
tem must be perfectly balanced, the pressures must be exact- 
ly 120^ apart and the waves of current and pressure must be 
sine waves. 

The above scheme is really an application of the two 
wattmeter method of determining pov/er factor. Power Factor 
Indicators, based upon this principle, have been placed upon 
the marlcet by Elliott Brothers of London and by the General 
Electric Company* These instruments, theoretically, are 
equivalent to two wattmeters so arranged that the Power Fao- 
tor can be read off directly upon a properly calibrated 
scale. The reaojLngs of these instruments, therefbre, take 
the place of two separate wattmeter readings and the subse- 



iBowie, A. J.,- Power Factor Indicator. Electrical 
World and Engineer, October 27tli, 1900. C^r^r 




angle by which the current lags 



current in one leg, namely, the 



Fig. 19. 



behind the bisector of the corre- 
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quent calculations necessary for obtaining the Power Factor. 
The conditions, however, which affect the accuracy of the 
two wattmeter method apply to these instruments as well, and 
as they are of considerable importance they v;lll be briefly 
discussed* 

The fact that the ratio of the readings of two wattmet- 
ers, used to measure the power of a three-phase system, can 
be used to represent Power Factor has been Imown for some 
time. Kr* Prankenfield wrote an article upon this subject, 
which was published in the Wisconsin Engineer in 1896. His 
results were deduced from the assumption of sine waves of 
current and pressure and balanced loads. 

The above conditions are generally assimed in practice, 
but are not always met with. Vfhen the waves of current and 
pressure are non-siniisoidal the two wattmeter method can not 
be depended upon to give accurate results. This has been 
proved quite conclusively by Messrs. Bowie^and Block.^ Both 
writers deduce the v/ell knov.Ti tangent fomula:- 

V/i + V/a 1 + R 

which applies to balanced loads and sine v;aves, and then pro- 



iThe Electrical Tforld and Engineer, December 9th, 1899. 
T>age 898. ^ I 
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ceed to shov; the errors Involved v/hen the waves of current 
and pressure contain the higher haunonics* The results 
shov/ that the angle deduced from the tangent fonnula, the 
angle of time lag or lead, and the angle, whore cosine Is 
the t2?ue Power Factor, are three different angles • 

The tangent fomula for three-phase systems almost al- 
ways gives higher values for the cosine than are obtained 
from current pressure and true power measurements* It is 
entirely possible that, althoiagh the cosine computed by the 
tangent formula for a certain case may equal lailty, the true 
Pbwer Factor may be only 0*3 or 0*5 • 

in such cases, v/hile the value of the angle obtained 
from the tangont fomula is generally smaller than the act- 
ual phase displacement of the fundamental waves, yet, it is 
nearer to the latter than the still greater angle obtained 
ftcm the trua Power Factor. 

In most cases in practice, the two wattmeter method can 
be depended upon to give fairly accurate results, more accur- 
rate, in fact, than the ordinary wattmeter, ammeter and 
voltmeter methods. It substitutes t?:.e ratio of the read- 
ings of one instrument for the readings of several different 
instnanents, v/hich is certainly of great importance on ao- 
coiint of the errors involved when different instinaments are 
used. It thus seen that instruments depending upon tiiis 
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principle are very well adapted to the measurement of Power 
Factor. 
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EXPERIM31ITAL DATA. 



In the light of the foregoing discussion, some experi- 
ments were \mdertalcen to detennlne with what degree of aocur- 
rac7 the two wattmeter method and tangent fomula could be 
used, in actual practice on non-sine waves, to obtain true 
Power Factor. At the same tine it was desired to oheclc up 
the readings of several power factor indicators depending 
upon this principle but, as none could be obtained at the 
time, this project had to be abandoned. 

At first, it was thought that a three-phase synchronous 
motor could be iised to obtain different power factors for 
both leading and lagging currents by over and under exciting 
its field, but, upon trial, it was found that the hunting of 
the motor was so great as to malce definite or accurate readr- 
Ings impossible. The desired result, so far as lagging cuiv 
rents were concerned, was finally obtained by means of an 
induction motor, for it is well known that an Induction mo- 
tor, especially any of the earlier makes, has a very low 
power factor on no load and that the power factor gradually 
increases up to a maximum, which, for most motors la^be- 
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tween eighty and ninety per cent. To obtain higher values 
of Power Factor, non-inductive resistances consisting of 
lamp banks were placed in parallel with the windings of the 
motor. 

The apparatus consisted of a 110 volt, three-phase, Wag- 
ner generator, belted to a shunt motor, and a 5.H. P. Alle- 
gemelne Electric! tate Gesellschaft, three-phase Inductiwi 
motor, belted to a small, direct current generator for a 
load. The ^'agner generator was used because it gave a pres- 
sure wave, which varied frooi the sine wave fonn to a greater 
extent than any other obtainable in the laboratory, being an 
irregular flat top cuorve as shown in Figure 20. 



By placing a rheostat in the shunt motor field, and one 
in the field of the three-phase generator, the voltage on 
the induction motor could easily be adjusted and kept at a 
constant value. A wattmeter, a voltmeter and ammeter of 
s\il table range were calibrated and used in the test. By 




Fig. 20, 
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means of a system of switching, as shown in the diagram of 
connections, (Fig. 21), readings were taicen of amperes and 
v/atts in each leg and the pressure from each line to the 
neutral point with one set of instruments. As the pressure 
and load were fcept constant for each set of readings, this 
gave more accurate results than could be obtained with a 
number of different instnanents. Readings were also taken 
of total watts by means of the two wattmeter method, the 
watts in each leg being taken merely for a check. Values of 
the tan 0" and cos 0" were obtained from the two wattmet^ 
er readings, using the fomula:- 



Values of cos e • or Power Factor were obtained by dividing 
the s"um of the tv/o wattmeter readings by the Qum of the volt- 
amperes in each leg. 



tan 0«» ss -/S 



- w. 



w + w 



1 



8 
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CONCLUSIONS. 



The results show that in the case of non-sine waves 
the Power Factor derived from the tangent foimula is not 
equal to the true Power Factor, The curve, A, (Diagram 1) 
was plotted, using the ratio of wattmeter readings as ordl- 
nates and corresponding values of cos d" as abscissas. 
Cvirve B was plotted in the same manner, using values of 
true Power Factor in the place of the cosine 0" values 
obtained from the tangent formiaa. The curves show, as pre- 
viously stated, that, for a given phase angle corresponding 
to the ratio of two wattmeter readings, the tangent foimula 
gives smaller values for cos than are obtained from the 
tnae Power Factor. 
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